The influence of oxygen and temperature on the inactivation of pyruvate,Pi dikinase and NADP-malate dehydrogenase was studied in Zea mays. 02 was required for inactivation of both pyruvate,Pi dikinase and NADP-malate dehydrogenase in the dark in vivo. The rate of inactivation under 2% 02 was only slightly lower than that at 21% 02. The in vitro inactivation of pyruvate,Pi dikinase, while dependent on adenine nucleotides (ADP + ATP), did not require 02.
In C4 plants, two enzymes of the C4 cycle are known to be light activated, NADP-malate dehydrogenase and pyruvate,Pi dikinase (4-6, 8, 12) . Although both enzymes are located in the mesophyll chloroplast of C4 plants there is considerable evidence from in vitro studies that the mechanisms of light/dark-mediated activation/inactivation of the enzymes are quite different.
Reducing conditions activate NADP-malate dehydrogenase (presumably via conversion of disulfide to sulfhydryl groups on the protein) while inactivation requires oxidizing conditions (6, 11, 13) . Incubation of the inactive form of the enzyme with DTT plus thioredoxin leads to rapid activation. In vivo the apparent role of light is to generate a reductant through noncyclic electron flow which mediates activation of the enzyme, through either ferredoxin-thioredoxin reductase and/or a membrane-bound light effect mediator and ferralterin (1, 2) .
Recently, Chapman and Hatch (3) and Nakamoto and Sugiyama (15) vation in the absence of reducing reagents (e.g. without DTT) suggesting that reduction/oxidation of the enzyme is not required in the activation/inactivation process even though activation is closely linked with the photosynthetic electron transport system (22) . Adenine nucleotides and Pi appear to be key metabolites in controlling the activation/inactivation of the enzyme. Pi is required for activation while ATP + ADP is required for inactivation (3, 6-8, 15, 19) . The following study was conducted with whole plants to evaluate whether differences in the mechanism of activation of the two enzymes may result in differences in response to change in environmental factors during inactivation in vivo.
MATERIALS AND METHODS
Plant Material and Reagents. Zea mays was grown in soil (five to six plants per pot) in a controlled environment with a day/night temperature regime of 27/22°C with a light/dark period of 14/10 h. Light was provided by a combination of fluorescent and incandescent lamps, giving a photosynthetic photon flux density of 700 ,iE m-2 s-'. Plants were fertilized daily with nutrient solution as previously described (17) . The most fully expanded leaves (fourth and fifth leaves from the bottom) were used from plants approximately 3 weeks of age. Biochemicals and reagent enzymes were obtained from Sigma Chemical Co.
Exposure of Leaves to Varying Levels of 02 and N2. Plants were removed from the growth chamber and transferred to a temperature-controlled room at 23 to 25°C. The plants were illuminated for 55 min by a General Electric 1000 w mercury vapor lam? giving a photosynthetic photon flux density of 1500 ,uE m-2 s . One leaf blade was harvested (10-15 cm in length from the tip) to determine the initial light-activated state of the enzymes and stored as described later. Another leaf blade was quickly inserted in a Plexiglass chamber through the slit of a rubber stopper. The dimensions of the chamber were 16.4 (length) x 10.7 (width) x 8.3 cm (height) with two ports on opposing sides for passing through various gases. The desired gas was flowing through the chamber prior to inserting the leaf. The gas used was humidified by passing it through water. N2 gas, 2% 02-98% N2, and compressed air were obtained commercially. Any CO2 which may have contaminated the N2 or 2% 02-98% N2 was removed by passing the gas through Ascarite II (Arthur H. Thomas Co.). CO2 free air was also prepared by passing air through the Ascarite II.
Gas was passed through the chamber (flow rate, 0.7 L min-) during each experiment until the leaf was harvested. After sealing the leaf in the chamber, illumination was continued for 2 to 3 mu, giving a total illumination time of 60 min prior to placing the system in darkness. For When leaves were taken from the chamber, the part of the leaf blade (about I g) which was under the gas treatment (i.e. N2, 2% Or98% N2, CO2-free air) was cut and the midrib was removed. The leaf was immediately killed by immersion in liquid N2 and then stored in liquid N2 until extraction. The time from removal of the leaf from the chamber to killing in liquid N2 was about 10 to 15 s (much shorter than the half-time for inactivation of the pyruvate,Pi dikinase and NADP-malate dehydrogenase) At the same time, the leaf blade of another plant in the same pot which was exposed to room air and darkness was sampled to compare with the treated leaf (Figs. I and 2). In one experiment, after exposure to N2 gas in the dark, some leaves were further treated in room air prior to extraction (Fig. 3) . The results of each experiment were obtained during a given day and leaves ofsimilar age were sampled from several plants grown in the same pot.
In all in vivo experiments, sampled leaves were stored in liquid N2.
Comparisons of the leaves stored as described above in liquid N2 with control experiments in which the enzymes were extracted without freezing the leaf showed that there was no significant difference in the extractable enzyme activities.
Incubation of Leaves at Various Temperatures during Dark
Treatment. Before dark treatment, plants were illuminated as described previously for I h at 23 to 25°C. Following the illumination period, the plants were transferred to a room which was preset at the desired temperature. A leaf blade was immediately harvested for measurement ofthe initial activity (O time) and other samples were taken at intervals during the dark; the midrib was removed, and the leaves were killed and stored under liquid N2 as described above. 14 ,000g for min. The supematant was assayed immediately at 25°C as previously described (9) . The reaction was initiated by the addition of oxalacetate (0.5 mM) and the oxalacetate-dependent A decrease was measured at 340 nm.
For the assay of pyruvate,Pi dikinase, an aliquot of the same filtrate (400,l) was rapidly desalted by passage through a column (0.8-cm diameter by 5-cm length) of Sephadex G-25 (superfme). The column was previously equilibrated with a buffer containing 50 mM Tris-HCl (pH 7.5, 25°C), 5 mM MgCl2, 0.1 mM EDTA, 5 mM DTE, 0.2% (w/v) BSA, and 2.5 mm pyruvate. Desalting was accomplished by centrifuging the column at 1,400g for 3 min at room temperature after application of the sample (10 The prevention of inactivation of both enzymes in the dark by the treatment with N2 is reversible (Fig. 3) . Both enzymes were inactivated following transfer from the N2 treatment in the dark to air. When the leaves were re-illuminated in the air, the enzymes were reactivated after 15 min to the original light-activated level.
The effect of N2 versus air on the ATP + ADP-dependent inactivation of pyruvate,Pi dikinase in vitro was examined. The activated enzyme was obtained from chloroplasts isolated from pre-illuminated leaves. Inactivation occurred at similar rates under both air and N2 when incubated with ATP + ADP (Fig. 4) . NADP-malate dehydrogenase immediately lost activity following desalting of the chloroplast extracts, which would remove DTT (results not shown). It was previously shown that the activated state of partly purified NADP-malate dehydrogenase of maize is maintained under N2 (13) .
Influence of Temperature on the Inactivation of Pyruvate,Pi Dikinase and NADP-Malate Dehydrogenase. As the temperature was lowered during the postillumination period, there was an increasing lag period before inactivation of pyruvate,Pi dikinase proceeded in maize leaves (Fig. 5) . The lag periods at 10, 17, and 25°C were more than 30, 25, and 10 min, respectively, while that at 32°C was less than 5 min. Following the lag period, the enzyme was inactivated and the rate of inactivation increased with increasing temperature. The half-time for dark inactivation was 7 min at 32°C, 20 min at 25°C, and 45 min at 17°C (Fig. 5) . Therefore, in vivo inactivation of the enzyme proceeded in two phases, both showing a dependence on temperature. Inactivation of pyruvate,Pi dikinase in vitro was also strongly dependent on temperature, although there was no temperature-dependent lag period (Fig. 6) . During the first 10 min of incubation, the ATP + ADP-dependent inactivation showed a slight lag, but this was independent of temperature. In the experiment of Figure 6 , strict quantitative comparisons cannot be made between all temperatures inasmuch as results of Figure 6 , A, B, and C, represent three different chloroplast preparations. In another experiment, the enzyme from one chloroplast preparation was incubated with ATP + ADP over a temperature range of 19 to 34°C for 30 min. An Arrhenius plot (log of the rate of inactivation versus 1/T) of this data gave a linear function over the temperature range of the experiment with a QI,) of 2.0.
In contrast to the results with pyruvate,Pi dikinase, NADPmalate dehydrogenase was rapidly inactivated in leaves during the postillumination period (half-time of about 3 min; Fig. 7) and there was little effect of temperature on the rate of inactivation between 10 and 32°C. Also, there was no lag in the inactivation of NADP-malate dehydrogenase upon transfer from light to darkness.
DISCUSSION
The Influence of 02 on the Inactivation of Pyruvate,Pi Dikinase and NADP-Malate Dehydrogenase. 02 was required for the dark inactivation of NADP-malate dehydrogenase in maize leaves. Previous studies indicate that the mechanism of activation/inactivation of the isolated enzyme is through a reductive/oxidative process involving enzyme thiol/disulfide interconversion (11, 13) . In vivo in the light, reductive power from photosynthetic electron transport is apparently used to activate the enzyme. In the dark, this source of reductant is unavailable and the enzyme may be oxidized via a a protein factor, possibly thioredoxin, with 02 as the final electron acceptor (13, 16) . Therefore, in the dark under anaerobic conditions, the enzyme may be maintained in the reduced, activated state. The fact that the activated state of the enzyme in the dark under N2 tends to increase over that of the pre-illuminated state (Figs. 2 and 3) suggests that some reductant is available in the chloroplast to further activate the enzyme. Whether this increase in the level of activation in the dark is associated with an increased level of reduced pyridine nucleotides in the chloroplast under anaerobic conditions is uncertain. Leegood and Walker (14) have found that fructose-1,6-bisphosphatase can be activated in isolated chloroplasts in the dark under anaerobic conditions provided that triose-P is added to generate reductive power in the chloroplasts. Therefore, it appears that reduced pyridine nucleotides can serve as the electron donor to activate certain enzymes independently of light. (3) and Nakamoto and Sugiyama (15) showed that the enzyme can be activated in the absence of a reducing agent, and therefore suggested that reduction/oxidation of the enzyme is not required.
C
The requirement for reducing agents in early studies with the enzyme may have been to stabilize the protein and/or the activating factor (see 3, 7, 15, 20 (3, 7, 15, 19, 20 lag period which increased with decreasing temperature (phase I) and was followed by a temperature-sensitive decrease in activity of the enzyme (phase II). In vitro the time-dependent inactivation of pyruvate,Pi dikinase proceeded without a lag period (lacked phase I) and exhibited temperature sensitivity similar to that of phase II in vivo. Phase I may represent the time taken for change in levels of certain effectors (e.g. relative levels of adenine nucleotides) which are substrates in the inactivation process or control the activity of the inactivating protein factor. The strong temperature dependence of inactivation of pyruvate,Pi dikinase between 17 and 32°C may be due to the influence of temperature on catalysis of inactivation by the unidentified protein-inactivating factor (assuming inactivation is a catalytic process as it is for activation; Refs. 19 and 20) . Below this temperature, both the in vivo and in vitro temperature limitation could be due to a combined effect on the protein-inactivating factor and dissociation of the dikinase enzyme from an active to inactive form. Below about 12°C, the activated pyruvate,Pi dikinase dissociates and is converted from an active to inactive form. This results in a break in the Arrhenius plot around this temperature (18) . Hatch (7) also found a break in the Arrhenius plot for the ATP + ADP-dependent inactivation of pyruvate,Pi dikinase at a temperature of 180C, indicating a greater Qio below this temperature.
The present study indicates differences in the temperature dependence of inactivation of pyruvate,Pi dikinase and NADPmalate dehydrogenase in maize leaves. It shows that 02 has a role in the inactivating process with pyruvate,Pi dikinase as well as with NADP-malate dehydrogenase. More information about the mechanism of activation/inactivation is needed, particularly with pyruvate,Pi dikinase, in order to understand how the activation/ inactivatioh in vivo is regulated by environmental factors.
